Introduction
Thermoelectric (TE) materials can be used to interconvert thermal energy and electric energy directly through the Seebeck effect or the Peltier effect in a single device. 1 In general, the ideal TE materials need high thermopower (S), low resistivity (r) and thermal conductivity (k) to reach a high gure of merit (ZT ¼ TS 2 /rk). Since the discovery of good TE performance in the layered structure cobaltites: Na 4 the oxide TE materials have attracted much attention in recent years. Compared with these layered cobalt oxides (S $ 100-125 mV K À1 at 300 K), the quasi-one-dimensional cobalt oxide, Ca 3 Co 2 O 6 , has an extremely large thermopower (S $ 680 mV K À1 at 300 K) and excellent thermal stability 5 (up to 1300 K) in air.
Crystallization in a K 4 CdCl 6 type structure with a space group R 3c, Ca 3 Co 2 O 6 consists of innite chains with alternating face sharing CoO 6 trigonal prisms and CoO 6 octahedra along the c axis. 6 The chains form a triangular lattice in the ab plane, separated by Ca 2+ ions. The cobalt ions located at both the trigonal prism (Co I ; S ¼ 2) and octahedral sites (Co II ; S ¼ 0) are trivalent, 7 while they are in different spin states because of the different crystalline electric eld. Except for the interesting magnetic phenomena, such as magnetization steps, 8 magnetoresistance 9 and magnetodielectric coupling behavior 10, 11 observed in Ca 3 Co 2 O 6 and its derivative compounds, its TE properties have also attracted much attention in recent years. Since the high TE performance was reported by Mikami 5 and Takahashi 12 for a single crystal Ca 3 Co 2 O 6 , much research has been undertaken to improve its TE performance using element substitution or by optimizing the preparation method. The substitution of Fe for Co can lead to the enhancement of S because of the change of spin and valence states of the Co ions. 13 The S at 800 K can be improved more than 400% using Bi/Cu 14 or Na/Mn 15 co-doping. In general, although Ca 3 Co 2 O 6 is considered to be a p-type TE material, its carrier type can be changed to n-type using 5% Ti doping at the Co site. 16 However, there is an undesirable effect of an increase of resistivity, which is not benecial for a TE material. From the perspective of future applications, searching for an n-type Ca 3 Co 2 O 6 with a low resistivity is imperative. Furthermore, the investigations on the effect of substitution in the Ca 3 
Experimental details
Polycrystalline samples of Ca 3 Co 2 O 6Àx F x (x ¼ 0-0.8) were prepared using a conventional solid-state reaction method.
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High purity powders of calcium carbonate (CaCO 3 ) cobalt(II,III) oxide (Co 3 O 4 ) and calcium uoride (CaF 2 ) in a stoichiometric ratio were mixed thoroughly and preheated at 1223 K for 24 h twice with an intermediate grinding step. Then the mixtures obtained were reground, pressed into circular pellets, and sintered at 1223 K for another 48 h in air. The structure and phase purity of the samples were checked using powder X-ray diffraction (XRD) using a Philips X'pert PRO X-ray diffractometer with Cu K a radiation (20 # 2q # 80 ) at room temperature.
The X-ray photoelectron spectra (XPS) were obtained using a Thermo Scientic ESCALAB 250 spectrometer using Al Ka Xrays at 1486.6 eV as the excitation source. The microstructures were investigated using a scanning electron microscope (SEM). The chemical composition was determined on an energy dispersive spectroscope (EDS) attached to the SEM equipment. The magnetic measurements were carried out with a superconducting quantum interference device (SQUID) magnetic property measurement system (MPMS) system. The Hall coefcient (R H ) at room temperature and the temperature dependence of resistivity, thermopower, and thermal conductivity were all measured using a Quantum Design physical property measurement system (PPMS). The R H data were obtained under a magnetic eld range from À4 T to 4 T. The carrier concentration (n*) and carrier mobility (m) were calculated according to n* ¼ 1/(eR H ) and s xx ¼ n*em, respectively.
Results and discussion

Structure
The room temperature powder XRD patterns of Ca 3 Co 2 O 6Àx F x (x ¼ 0-0.8) samples are shown in Fig. 1(a) . The results show that Fdoping did not change the lattice structure of this system. All samples were found to have the rhombohedral structure with space group R 3c. To clearly show the effect of F-doping on the lattice, the enlarged (300) peaks are shown in Fig. 1(b) . As the Fdoping content increases, the (300) peak moves to a higher angle position rst and then moves in the opposite direction. The XRD patterns were rened using the standard Rietveld technique and the lattice parameters obtained were plotted as a function of the doping level (x) in the inset of Fig. 1(a) . It was found that both the parameters a and c decrease rst and then increase with the increase of x, which is consistent with the shi of the (300) peaks as shown in Fig. 1(b) .
In and 0.61 A for LS Co 3+ ), and the ion transfer induced by Fdoping will lead to the expansion of lattice. The variation of the lattice parameters found in the present work was affected by the two competing factors discussed previously. The role of the two factors was different as the F-doping level changed. As the Fdoping is slight, the substituted F À ions with smaller ionic radius lead to the decreased lattice parameters shown in the inset of Fig. 1(a) . In the heavily F-doped samples, the increased lattice parameter should be dominated by the ionic radius difference between Co 3+ and the induced Co 2+ ions.
In order to show the valence transition of Co ions clearly, XPS measurements were performed on two typical samples with x ¼ 0 and 0.8, and the results are shown in Fig. 2 (a) and (b), respectively. As Fig. 2(a) shows, two distinct peaks located at $780 eV and $796 eV correspond to the Co 2p core-level spectrum of Ca 3 Co 2 O 6 , 21 and the weak peaks situated at $789.1 eV and $804.3 eV are the satellite peaks of Co ions. 22 The peak located at $780 eV can be deconvoluted into two peaks. The two peaks corresponding to the higher binding energy (BE) and the lower BE are attributed to Co 2+ at 12%. In general, the Co ions of Ca 3 Co 2 O 6 at both trigonal prismatic and octahedral sites are in the trivalent state. 25 The presence of a small amount of Co 2+ in the un-doped sample should be related to the oxygen non-stoichiometry induced during the sample preparation process. Compared with Fig. 2 
Magnetic properties
The temperature dependence of magnetization M(T) for Ca 3 -Co 2 O 6Àx F x was measured in the temperature range of 3-150 K and the data below 50 K are shown in Fig. 3(a) -(e). The temperature dependence of inverse dc susceptibility tted using the Curie-Weiss law are shown in the insets of Fig. 3(a) -(e). The M(T) data were collected in zero-eld-cooling (ZFC), eld-cooling (FC), and eld-cooling-warming (FCW) modes at an applied eld of 100 Oe. Only the ZFC and FCW curves are shown in this gure because the FCC and FCW curves almost overlap. From Fig. 3(a) -(e), it can be seen that all samples undergo a long-range spin density wave transition [26] [27] [28] at T c1 and a spinglass like transition 29 at T c2 with the decrease of temperature. Fdoping does not obviously change the two magnetic transitions, but the value of the low temperature magnetization decreases with the increase of F-doping content.
The effective magnetic moment (m eff ) obtained as a function of F-doping level x was plotted and is shown in Fig. 3(f) . As Fig. 3(f) shows, m eff increases monotonously with the increasing x. As discussed previously, the substitution of 
where g, S Co I , m B are the Landé factor, spin quantum number of Co ions at Co I sites, and Bohr magneton, respectively. If it is considered that the ionic transfer for Co ions only occurred at Co II sites, the equation can be rewritten as:
where g is the ratio of the transferred Co 3+ ions at Co II sites (S ¼ 0 to S ¼ 1/2). The calculated m eff based on eqn (2) is plotted in Fig. 3(f) . For the un-doped sample, the m eff obtained using Curie-Weiss tting is 5.5 m B fu À1 , which is consistent with the previous reported value (5.7 AE 0.2 m B fu À1 ). 31 The experimental value of m eff found in the present work is larger than the m eff calculated using eqn (2), which may be related to the orbital moment originating from the spin-orbital coupling and an unusual coordination of the Co ions at Co I sites as reported by Wu et al. 32 The difference between the experimental and theoretical m eff value decreases considerably with the increase of x, indicating that the orbital moment can be suppressed effectively by F À doping. The Weiss temperature q obtained from the Curie-Weiss tting of all samples were positive, indicating that the dominated magnetic interaction is ferromagnetic. The value of q decreases monotonically with increasing x, indicating that the induced Co 2+ ions (Co II sites) may be antiferromagnetically coupled with the Co 3+ ions at the Co I site.
To thoroughly understand the F-doping effect on the magnetic properties, the magnetic eld dependent magnetization (M-H) was measured at 3 K and the results are shown in Fig. 4 . As shown in Fig. 4(a) -(e), all the samples show a large hysteresis in the M-H curve, and the magnetization does not become saturated as the magnetic eld reaches 4.5 T. There are three magnetization steps which occurred at 1.2, 2.4, and 3.6 T in the initial magnetization curve of Ca 3 Co 2 O 6 , which is related to the quantum tunneling of the magnetization behavior. Furthermore, the magnetization step at 3.6 T can be considered further as the formation of a ferrimagnetic state consisting of two-thirds of spin-up ferromagnetic chains and one-third of spin-down chains. To show the evolution of these magnetization steps with F-doping clearly, three dashed lines near these steps are plotted in the gure. Different to the doping effect on Ca- 18 or Co-sites, 30 F-doping at the O-site does not obviously change the magnetization steps, and the position of the magnetization steps were almost the same for all the samples studied. Although F-doping has little inuence on the position of these magnetization steps, the magnetization value of each step decreases with the increase of F-doping content, as shown in Fig. 4(f) . As is known, the magnetization existing in this spinchain compound is a spin and lattice sensitive phenomenon. In the present work, the F-doping does not induce additional spins and the lattice distortion caused by the substitution of F for O is small because of the small ionic radius difference between F À (1.33 A) and O 2À ions (1.4 A). So the F-doping has a weak inuence on these magnetization steps.
Electrical transport properties
The temperature dependence of the resistivity for Ca 3 Co 2 O 6Àx F x in the temperature range of 170-380 K is shown in Fig. 5(a) . All the samples show a similar transport behavior in the temperature range measured. To show the resistivity variation with Fdoping clearly, the room temperature resistivity r 300 K values are listed in Table 1 . The room temperature resistivity decreases monotonously with increasing x. In general, the substitution of F À for O 2À is considered to be n-type doping, and the carrier concentration should decrease with increasing x for a typical ptype semiconductor, Ca 3 Co 2 O 6 , which is contrary to the experimental results discussed here. To study the origin of the variation of r 300 K , the Hall measurement was performed for all samples at 300 K. The room temperature Hall coefficient (R H ) as a function of x is shown in the inset of Fig. 5(a) , and the calculated values of carrier concentration (n*) and carrier mobility (m) are listed in Table 1 . It was found that R H is changed from positive to negative when x increased to 0.4, indicating that the carrier type has changed from a p-type to a n-type. The calculated carrier concentration n* rst decreases with increasing x up to 0.2, and then has an increasing trend as x increases further. Unlike the carrier concentration, the mobility of the carrier has an increasing trend with increasing x in the whole range of F-doping levels. In order to clarify the transport mechanism of F-doped Ca 3 Co 2 O 6 , tting of the resistivity data was attempted using the thermal activated (TAC) law:
33 r ¼ r N exp(E 0 /k B T), the adiabatic small polaron hopping model:
34 r ¼ AT exp(E r /k B T), and the Mott variable range hopping model:
], respectively. For the samples with x # 0.2 (p type), the electrical transport behaviors were described well by the TAC model over the whole of the measured temperature range. Whereas for the samples with x ¼ 0.4, 0.6 and 0.8 (n type), the r(T) curves were tted well using the TAC models with different activation energies (E a ) in two different temperature ranges divided by T* $ 320 K. The tting results are shown in Fig. 5(b)-(f) and the results for the parameter E a are listed in Table 1 . 6(a)-(e) show the SEM images of the cross-section of the samples with x ¼ 0, 0.2, 0.4, 0.6, and 0.8. It can be seen that the surface morphologies for all the samples studied are similar, whereas the particle size increases with increasing x. The mean particle size is estimated from 10 randomly selected particles in the SEM images for each sample. It was found that the values of mean particle size (d) were 2.26, 2.46, 2.65, 3.30, and 3.90 mm for the samples with x ¼ 0, 0.2, 0.4, 0.6, and 0.8, respectively. In addition, the particles become more homogenous and denser with the increase of x. The much larger particle size and denser microstructure in the F-doped samples will promote carrier transport because of the decreased grain boundary scattering and thus the carrier mobility will be enhanced, which was also conrmed by the Hall measurements as mentioned previously. The enhanced carrier mobility may be a key factor for the decrease of resistivity in the F-doped samples. Fig. 7 shows the temperature dependence of thermopower [S(T)] for Ca 3 Co 2 O 6 F x samples. The x ¼ 0 and x ¼ 0.2 samples have a positive value of S in the whole of the temperature range studied and the sign of S changed to negative as the F-doping content reached 0.4. The results show that the carrier type can be changed from p-type to n-type using a suitable amount of Fdoping. The absolute values of S for all samples show a similar trend in variation: S increases rst and then decreases with increasing temperature. The room temperature thermopower S 300 K for the un-doped sample is 686.6 mV K À1 , which is consistent with a previous report. 36 With increasing x, S 300 K increases from 686.6 mV
Thermoelectric properties
For a general semiconducting material, S can be expressed using the Mott formula:
By substituting s ¼ n*em(3) in eqn (3), one can obtain:
where C e , n*, m(3), and k B are specic heat, carrier concentration, carrier mobility, and Boltzmann constant, respectively. In the present system, the thermopower is considered to be dominated by the rst term of the above equation, which is similar to the simple Drude picture, S $ C e /n*. For the p-type samples with x # 0.2, the increase of S 300 K is because of the decreased p-type carrier concentration caused by the substitution of F À for O 2À . However, F-doping in the heavily doped samples will increase the carrier concentration because of its ntype transport mechanism, which is the origin of the decrease of the absolute value of S 300 K for the samples with x $ 0.4.
The temperature dependence of thermal conductivity k(T) is shown in Fig. 8 . All the samples show a similar thermal transport behavior, but the value of k changed considerably as F was doped into the samples. k increases with the decrease of T in the temperature range of T > T p , whereas k decreases sharply with decreasing T when T < T p . As shown in the inset of Fig. 8(b) , the values of k at T p for both n-type and p-type samples decrease monotonously with increasing x, but there exists a sudden increase of thermal conductivity at the critical point where the carrier type changes from p-to n-type, which may be related to decreased grain boundary scattering and the sudden decrease of E a when x reaches 0.4. Generally, thermal conductivity can be expressed by the sum of phonon thermal conductivity k ph and carrier thermal conductivity k car as: k ¼ k ph + k car . The value of k car can be calculated from the Wiedemann-Franz (WF) law: k car ¼ LT/r, where L is the Lorentz number. The calculated k car in the present system is less than 0.1%. Therefore, the phonon contribution is the main source of total k in this system. The phonon conductivity can be described as k p f C v lv 0 , where C v , l, and v 0 are the specic heat, mean free path, and mean velocity of phonon, respectively. When T > T p , the phononphonon Umklapp scattering mechanism is dominant in determining the thermal transport behavior and l can be described as l f e QD/aT , where Q D and a are the Debye temperature and coefficient, respectively. The tting result shows that k is mainly determined by l in the Umklapp scattering process for this system. The values of Q D obtained for the samples with x ¼ 0.0, 0.2, 0.4, 0.6, and 0.8 are 600.1, 413.8, 420.6, 389.8, and 296.5 K, respectively. In the temperature range below T p , the phononphonon scattering is weak, and l is determined by the lattice imperfection or the sample dimensions, and the variation of k is mainly determined by the specic heat, i.e., k f T 3 . So k decreases sharply in the low temperature range.
Conclusions
In summary, the structural, electrical, magnetic, and TE . The thermopower and Hall coefficient results show that the carrier type of the series samples can be changed from p-to n-type using a suitable amount of Fdoping. The room temperature thermopower changed from a positive value of 752.7 mV K À1 to a negative value of S 300 K ¼ À333.1 mV K À1 as x reaches 0.4. The resistivity of both the p-type and n-type samples decreases with increasing F-doping content. The thermal conductivity of both the n-type and p-type samples decrease monotonously with increasing x with a sudden increase at x ¼ 0.4. The sudden increase of the thermal conductivity may be related to the decreased scattering at the grain boundary and the decrease of E a at the critical point of carrier type change. 
